In recent years, application of engineered nanomaterials, in particular carbon-based nanostructures, has been initiated in agriculture. To better understand the effects of nanomaterials on plants, four concentrations of graphene oxide (0, 0.01, 0.05, 0.1%) in soil was studied on growth and biochemical traits of Milk thistle under four saline stress (0, 4, 8,12 dS/m) conditions in greenhouse. A completely randomized block design with a factorial treatment arrangement was employed with three replications. The result showed under both saline and control (non-saline) conditions, the maximum plant height (3.7% and 20% in control and saline conditions, respectively), total biomass (17% and 8.2% in control and saline conditions, respectively), and chlorophyll content (8% and 5% in control and saline conditions, respectively), were achieved for plants with graphene oxide (GO) application. By increasing the salinity level, plants treated with 0.01% concentration of graphene oxide produced the highest total biomass (518 mg) under 12 dS/m salinity levels. Also, maximum quantum efficiency of PSII, performance index, and membrane stability index decreased due to salinity stress. Proline and soluble carbohydrates noticeably increased by saline water treatments. Graphene oxide alleviated salt stress-induced damage through increasing plant growth, plant height, chlorophyll content, photosystem efficiency, performance index, membrane stability index, proline and soluble carbohydrate content. Also graphene oxide increased cell water potential through enhancing the net concentration of solutes in plant cells. Graphene nanomaterials could ameliorate the salt stress in Milk thistle plant. Graphene oxide application could be commercially and economically beneficial for Milk thistle production under control and saline conditions.
Introduction
The beneficial potentials of nanotechnology in agriculture to improve crop productivity, has been recognized, in the past few years. Recent researches on this subject can be found in the literature (Parisi et al., 2015 , Rosa et al., 2016 Ren et al., 2016; Cheng et al., 2016) . Examples of applications of nanomaterials in agriculture are in nutrient management, genetic improvement (Torney et al., 2007) , plant disease treatment (Park et al., 2006) , and plant growth promotion among others . Graphene oxide (GO) is a water-soluble derivative of graphene and has been extensively used as a precursor of graphene-based nanoparticle composites (Geim, 2009) . Some experiments were conducted on the application of GO in agriculture in recent years. This material has shown high potential in soil and crop improvement under stressed conditions. The beneficial effects of GO application on crop growth and development have been reported by Anjum et al. (2014) on faba bean; on wheat; Zhang et al., (2015) on tomato; and Ren et al., (2016) on maize. Up to 65% of patients with liver disease may use botanical preparations in the United States and Europe (Loguercio and Festi, 2011) . Milk thistle (Silybum marianum L.) is a known medicinal plant belonging to the Asteraceae family, originated in the Mediterranean Basin. Silymarin, a derivative of Milk thistle, has been used as a herbal medicine to treat liver diseases for more than 2000 years (Afshar et al., 2014) . Salinity stress is one of the most devastating stressful environments for plant growth and production (Ashraf and Foolad, 2007) . Salinity causes a range of harmful effects such as inhibition of photosynthetic rate, chlorophyll content, and damage to plasma membrane permeability and other metabolic disturbances (Karimi et al., 2005) . Plant responses to salinity depend on photosystem II (PSII) response to this stress (Kalaji and Guo, 2008) . Exogenous application of nanomaterials is one of the recent strategies to overcome the salt-induced damaging effects on plant growth and development. Survival under the stressful condition depends on the plant ability to perceive the stimulus, generate and transmit signals, and instigate biochemical changes that regulate the metabolism accordingly (Hasegawa et al., 2000) . Salt stress negatively affects biological and physiological processes of plants via inducing water deficiency, osmotic stress, nutritional imbalance and ionic toxicity (Campanelli et al., 2013) , eventually resulting in the structural damage of plant cell, photosynthesis inhibition, growth restriction, or even death (Li et al., 2014) .
To date, there is not any information about the application of graphene oxide on Milk thistle growth and other characteristics under saline condition. In our study, we mainly focused on the improved plant growth, photosystem efficiency and biochemical traits of Milk thistle as affected by Graphene Oxide under salinity stress condition.
Results and discussion

Plant height
Interaction of saline water × GO indicated that the maximum plant height (22.98 cm) was achieved in control × 0.01% GO. Plant height increased by GO application across all salinity levels. Salinity stress decreased plant height, however, application of GO increased plant height of Milk thistle at each salinity level (Fig. 1) . Ren et al., (2016) stated that application of sulfonated graphene with 50 mg/l significantly improved plant height in maize seedlings.
Plant biomass
At control and saline treatments, the higher Milk thistle biomass weight was achieved for plants with GO application (Fig. 2) . Under control (non-saline) condition, application of GO at 0.05% concentration produced the maximum biomass dry weight (2389 mg). In contrast, at saline conditions, application of 0.01% concentration of GO produced the highest total biomass dry matter (742.7 mg) under 12 dS/m salinity level (Fig. 2) . The reduction in plant growth under salinity stress is explained by adverse impacts of extreme salinity on the ion homeostasis, water balance, mineral nutrition and photosynthetic carbon metabolism (Zhu 2001; Yusuf et al., 2007) . Reduction in plant growth due to salinity was reported in previous studies on Rice (Nemati et al., 2011; Nounjan and Theerakulpisut, 2012) , Barley (Ali et al., 2011) , and Periploca sepium (Sun et al., 2011) . The advantage of the low concentration of GO in our result can be explained by its effects on improving the Indole-3-acetic acid (IAA) biosynthesis and concentration, as well as promoting the root growth and elongation in plant (Cheng et al., 2016) . Promoting the root and biomass growth is due to the alleviation of oxidative stress mediated by GO, which was directly shown by ROS (Reactive Oxygen Species) level at low concentrations of GO (Ren et al., 2016) .
Chlorophyll Content
The highest concentration of total chlorophyll in control and all salinity treatments was achieved by application of GO with 0.01% concentration. Larue et al., (2012) reported chlorophyll increment (50 mg/l) in wheat plantlets when exposed to MWCNTs for 7 days.
Our results indicated significant decreases in chlorophyll concentration under salinity stress which agrees with previous reports on Lentil (Turan et al., 2007) and Bambara groundnut (Taffouo et al., 2010) . described that chlorophyll content in wheat shoots improved by graphene-humic acid treatment. Similarly, exposure of different nanomaterials also increased the chlorophyll contents in soybean (Venkatachalam et al., 2016) .
Photosystem II (PSII) efficiency
Salt stress caused a reduction in maximum quantum efficiency of PSII (calculated from Fv/Fm) and photosystem I (PI). The maximum Fv/Fm and PI were obtained from control condition and minimum amount was achieved from 12 dS/m (Table 2) . Salt stress may have several effects on PSII activity, one of which may be enhanced several inactive reaction centers where electrons cannot be transported out of reduced QA (acceptor quencher A) and thus higher measured F0 (initial fluorescence). Another possibility is low energy transfer from LHCII to PSII reaction center and thus higher fluorescence from LHCII which may have been caused by the dissociation of LHCII from the PSII core (Havaux, 1993) . The low Fv/Fm values in Milk thistle under saline condition (Table 2) could have resulted from the inactivity of the reaction centers, which may favor higher energy dissipation in the form of heat and fluorescence, as deduced from the high Fv/Fm values. The Fv/Fm ratio is usually used as an indicator of the photo-inhibitor or other injury caused to the PSII complexes (Rohacek, 2002) . Exogenous foliar application of GO significantly increased chlorophyll a fluorescence of Milk thistle by increasing PI ( Table 2 ). The Performance of PI Index is an indicator of sample vitality of photosynthesis and has three components. These components present the force due to the concentration of active reaction centers, including the light (related to the quantum yield of primary photochemistry) and the dark reactions. The nanomaterials also affect the electron transport, and energy pathways (Aken, 2015) . Table 3 shows that effect of salinity and GO on the membrane stability index (MSI) were significant. Membrane stability index (MSI) was significantly affected by salinity and followed a decreasing trend as the salinity levels increased (Table 3) . However, with GO application (especially at 0.01% concentration), membrane stability index significantly increased. Desiccation of plant cells causes cell membrane leakage of ions and electrolytes (Bandurska, 2001 ). Modifications of lipid structure of plasma membranes are essential in maintaining membrane fluidity, integrity, and (Yeilaghi et al., 2012) .
Membrane stability index (MSI)
Proline content
Compared to Control (non-saline) condition, an increase was seen in proline content of Milk thistle under salinity (Table  3 ). The maximum proline content (2.77 mg/g F.W.) was achieved in 12 dS/m salinity stress. Also, application of GO at any concentration increased proline content compared to control (Table 3 ). The highest proline content of 2.17 mg/g F.W. in the leaf belonged to 0.01% GO application (Table 3) . demonstrated proline increment by graphene and graphene-humic acid application in wheat plants. Anjum et al., (2014) reported that different GO concentrations either significantly increased (0, 100, 200, 1600 mg/l GO) or decrease (800 mg/l GO) proline content in faba bean plants. There are many reports supporting elevated proline accumulation in B. juncea plant tissues exposed to silver nanoparticles, under different stress conditions (Sharma et al., 2012) .
Soluble carbohydrates
Salt stress enhanced soluble carbohydrates accumulation in Milk thistle leaves. The soluble carbohydrates rapidly increased after exposure to 8 and 12 dS/m salinity levels (Table 3) . Furthermore, soluble carbohydrates significantly increased when GO was added to the soil (Table 3) . The highest soluble carbohydrates content of 72.46 mg/g F.W. in Milk thistle leaves was observed in 0.01% GO treatment (Table 3) . A common response to salinity stress is the decreasing of cell water potential through enhanced net concentrations of solutes or osmotic adjustment which is an important mechanism for sustaining cell water content and turgor (Chaves et al., 2003) . 
Salt concentration
Graphene 0
Graphene 0.01
Materials and Methods
Experimental treatments
The root, shoot growth and physiological characteristics of Milk thistle under salt stress were studied by using four levels of GO in soil (0.1, 0.05, 0.01 and 0% (control) ). Four levels of salinity were used in the irrigation water during the growing period which maintained the electrical conductivity (EC) of soil at 12, 8, 4 and 0.8 dS/m (control), respectively. Nanomaterial was purchased from Sigma-Aldrich, USA (catalog No: 806641. Graphene nanoplatelets, powder, oxidized). The physicochemical properties of GO are shown in Table 1 .
Statistical design and data analysis
A pot experiment with a factorial arrangement of treatments was conducted based on a randomized complete block design (RCBD) with three replications during 2015-2016 growing period. All the data were statistically analyzed using SAS 9.1 software. The means of each trait were compared according to the Duncan multiple ranges at p≤0.05. All graphs were drawn using Excel 2010.
Soil and pot preparations
The soil in pots was collected from Research Station of College of Agriculture, University of Tehran, Karaj, Iran and then sieved to ≤2 mm. The sampled field was mainly allocated to cereal crops production. The collected soil texture was loam (Sand, 34.16%; Silt, 43.34%; Clay, 22.5%) with 1.70 electrical conductivity and 0.84% organic matter.
Experimental procedures and measurements
Milk thistle seed was purchased from Pakan Bazr Seed Company, Isfahan, Iran. 15 seeds of Milk thistle were sown in each plastic pot (23 cm diameter × ‫‬ 24 cm height) containing 8 kg of soil, at the depth of 2 cm. Tap water (0.8 dS/m) and saline water (4, 8 and 12 dS/m) were added to the pots according to the corresponding treatments to achieve 100% FC (Field Capacity). During the experimental period, all the pots were put in a glass greenhouse under natural light. The minimum and maximum temperatures of the greenhouse were measured as 20 and 25 o C, respectively, and the relative humidity was kept at ~50%. After germination, plants were thinned to 5 plants per pot. Induction of Chlorophyll a fluorescence was monitored with a handy-PEA portable fluorometer (Hansatech, UK) at 72 days after cultivation and before cutting the plants. Performance Index (PI) and Fv/Fm (maximum quantum efficiency of PSII) were measured according to Kalaji et al., (2011) . Chlorophyll measurement was done following Arnon (1949) method. Membrane stability index (MSI) was determined by recording the electrical conductivity of leaf leachates (conductivity meter model WTW-LS90) in distilled water at 40 and 100 º C. Then the membrane stability was calculated using the following equation:
Membrane stability index = [1-(EC1/EC2)]×100
Proline was extracted according to the method of Irigoyen et al., (1992) . For the calculation of proline concentration, a standard curve was made with L-proline. Soluble sugar was measured by Schlegel (1956) method. 72 days after planting, plants with a uniform growth were chosen for measurements. At least three plants were randomly selected from each treatment replicate. The plant root and shoot were cut at the base and the biomass weight was determined. Samples were dried at 60 ο C for 48 hours, and their mean root and shoot dry weight were recorded for each treatment at each replicate.
Conclusion
In the present study, total biomass, plant height, total chlorophyll, Fv/Fm ratio, performance index, and membrane stability index decreased due to salinity stress; while, the proline and soluble carbohydrates noticeably increased in the same condition. GO application modified salt stressinduced damages through increasing plant growth, plant height, chlorophyll content, photosystem efficiency, performance index, membrane stability index, and proline and soluble carbohydrates accumulation in Milk thistle plant tissues. The low concentration of GO (0.01%) demonstrated the best results in alleviating the adverse salt stress effects. GO improved and increased cell water potential through enhancing the net concentration of solutes.
